A self-adaptive Euler equation solver with moving boundary conditions was developed to simulate the aerodynamic effects induced by a high speed train passing through a tunnel. First, a mesh generation method was developed based on the omni-tree grid structure, and a hybrid mesh generation strategy was established based on a structured grid and a Cartesian grid. Then, a three-dimensional numerical solver was constructed based on the Euler equations, and moving boundary conditions were developed in the numerical solver. Taking the absolute value of the pressure gradient as the control parameter, the grid size can be automatically adjusted under the moving boundary condition. The developed numerical solver was used to simulate a train passing through a tunnel, and the pressure time histories at the probes on the tunnel wall were analysed. In addition, moving model rig experiments were performed under the same conditions, and the numerical results and experimental results were compared. The results agreed well, indicating that both the mesh generation strategy and the numerical solver are highly accurate and could be a good choice for simulating tunnel aerodynamic problems in moving boundary conditions.
INTRODUCTION
The increasing operation speed of high speed trains has given rise to a series of aerodynamic problems, and the aerodynamic effects of a train passing through a tunnel lead to passenger discomfort, noise, additional aerodynamic resistance , and possible damage to the train body and tunnel facilities [1] [2] [3] . Existing studies on tunnel aerodynamics can be divided into three categories: in situ tests [4, 5] , moving model rig (MMR) experiments [6, 7] and numerical simulations. The results of in situ tests are critically related to the input factors and the actual natural conditions. MMR experiments use scale models, which are much smaller than the actual train. In addition, the environment around a moving model experimental device differs from the actual conditions, and complete similarity between the model experiment and the actual conditions is difficult to achieve; thus, simulating real conditions with MMR experiments is difficult. Numerical methods have the advantages of simply and effectively simulating the phenomena induced by a train passing through a tunnel. With the development of computational technologies, numerical approaches have gradually become more dominant. The approaches for studying tunnel aerodynamics can be classified into three types: one-dimensional [8] [9] [10] [11] , two-dimensional [12] and three-dimensional approaches. [13] [14] [15] . One-dimensional approaches originated in themid-1990s. Zhu KQ [8] [9] used the one-dimensional unsteady model to study the initial compression wave generated by a train entering a tunnel. Mei YG [10] [11] systematically developed the one-dimensional approach. The one-dimensional compressible non-isentropic unsteady model and characteristics method were developed to study the aerodynamic characteristics for a train passing through a tunnel and two trains passing each other in a tunnel. These approaches were confirmed to accurately simulate the tunnel aerodynamics through a comparative study that also included in situ tests. Using the two-dimensional approach, Wang YW [12] derived the equation for the worst tunnel length for the global maximum and minimum pressure for two trains passing each other in a tunnel. Li RX [13] simulated the whole process of a train passing through a tunnel by solving the three-dimensional Navier-Stokes (N-S) equation. The results revealed the super position relationship between the propagation of pressure waves and the motion disturbance of the train. By solving the three-dimensional compressible N-S equation, Sun ZX [14] analysed the mechanism of pressure variations on the tunnel wall and studied the running safety for trains passing each other in the tunnel. Chia-Ren Chu [15] investigated the aerodynamic resistance when trains pass each other in a tunnel and found that the maximum resistance exists when the trains intersect exactly in the middle of the tunnel.
Extensive investigations of the above three approaches show that the one-dimensional approaches rely heavily on engineering experience. Some coefficients related to the flow are manually defined, and the impacts of boundary conditions are not reflected. The difference in the pressure variations cannot be distinguished between the one-dimensional and two-dimensional approaches for the same tunnel section. Furthermore, the ground effect is also neglected Three-dimensional approaches have the potential to be the most precise method. However, the existing studies for this approach usually adopt commercial software (such as FLUENT or STARCCM+); few studies [16] [17] [18] have used an independently developed program. Yonn TS [16] developed a three-dimensional unsteady compressible Euler solver and solved the sonic boom problem at tunnel exits by simultaneously solving the Kirchhoff equation. To solve the relative motion between the train and the tunnel, Ogawa [17] developed the fortified solution algorithm (FSA), and Mestreau [18] developed the auto-updated algorithm based on unstructured grids. The mesh strategy, including the utilization of dynamic mesh and self-adaption mesh, is extremely important for simulating a train passing through a tunnel or simulating two trains passing each other in a tunnel. Developing a three-dimensional solver is very difficult but necessary. To develop such a numerical solver, we established a hybrid mesh generation strategy that combines the structured grid and the Cartesian grid. Then, the moving boundary condition was developed to simulate the relative motion between the train and the tunnel. The absolute value of the pressure gradient was taken as the control parameter, which can automatically adjust the grid size; as a result, mesh self-adaption was achieved. To validate the numerical solver, MMR experiments were performed, and the numerical and experimental results were comparatively studied.
MESH STRATEGY
The current typical mesh generation approaches can be divided into two types: structured grids and unstructured grids. Structured grids have already been widely used due to the multiple topological types and the advantage of grid orthogonality. Tetrahedral grids and Cartesian grids are both unstructured grids that are used extensively, especially in engineering. The mesh scale of unstructured grids is easy to control, and unstructured grids are much more adaptive to the geometry used. In this paper, a hybrid mesh strategy is developed that combines the advantages of structured grids and unstructured grids to address the complex flow problem.
The Hybrid Mesh Strategy
The hybrid mesh strategy, which combines the advantages of both structured and Cartesian grids, was developed to not only improve the geometry adaption capabilities but also shorten the mesh generation period. On the one hand, the structured grid provides a high mesh quality; on the other hand, the Cartesian grid is very flexible and can easily adapt to complex geometries.
Although different grid types are used for the hybrid mesh strategy, having the same data organization type is more efficient for the flow field calculations and facilitates the organization and management of the grid data. Despite the different grid types, the basic data structures are still the same and are composed of four levels: points, lines, faces and cells. Consequently, the four-level data management is adopted for the hybrid mesh. Uniform data management can fully use the computing resources and can improve the computational efficiency.
Omni-tree Grid Structure
The grid structure isotropic for grids based on quad-tree or octree grid structures, which results in too many grids on the surface. This paper develops the concept of the omni-tree structure based on the quad-tree and octree structures. The omni-tree structure can be considered to be a combination of the binary tree, quad-tree and octree grid structures. In other words, each parent cell can be arbitrarily chosen to generate two, four or eight sub-cells. In addition, the length ratio of each cell is not fixed and can be freely chosen according to the specific needs of the mesh subdivision. The omni-tree grid type can be artificially controlled, making the cells anisotropic. As a result, the discretization efficiency can be improved, and the total number of grids can be greatly reduced.
Self-adaptive Mesh Based on the Flow Field
Cartesian grids have strong self-adaptive abilities. When the flow field converges to a certain extent, it is more efficient to make the grids adapt more to the flow field using a self-adaptive algorithm. A simulation can be conducted on a refined mesh so that the flow field will converge more quickly. Complex flow phenomena can be precisely captured in a simulation using a self-adaptive algorithm, and this paper establishes a self-adaptive algorithm for the hybrid mesh. Based on the gradient variation of a certain flow variable between adjacent cells, mesh self-adaption can be achieved.
In the three-dimensional simulation of the aerodynamic effects induced by a train passing through a tunnel, regular cutting cells will be generated along the tunnel wall if Cartesian grids are uniformly adopted for the background grid. As a result, the flow details near the tunnel wall would be difficult to accurately predict. The present study uses three levels of grids: structured grids near the train surface (internal grids), Cartesian grids that cover the structured grids, and structured grids outside the Cartesian grids (external grids). The external grids are used to discrete the region near the tunnel wall and the far field region, while the mesh motion during the running of the train is calculated on the Cartesian grids.
RESULTS AND DISCUSSIONS
Based on the hybrid mesh strategy and the developed numerical solver, numerical simulations were performed to simulate the tunnel aerodynamics of a train passing through a tunnel. In addition, MMR experiments were performed, and the experimental and numerical results were comparatively studied.
The Moving Model Rig
The MMR at the institute of Mechanics, Chinese Academy of Sciences was built to simulate the motion of scale train models and to investigate the aerodynamic problems resulting from the motion of trains. The basic setup of the MMR is shown in Figure 1 . 
Comparative Analysis
Numerical simulations were performed with the exact same conditions as the experiments. Then, the experimental results and numerical results were compared, as shown below. Figure 3 shows the pressure time histories obtained from the probes on the surface of the tunnel when the train speed was 95 m/s; the solid blue lines represent the experimental results, and the dashed red lines represent the numerical results. The comparison of the numerical and experimental results indicated that the basic shape of the pressure waves remained close to each other for the numerical and experimental results. In addition, the maximum pressure values were approximately equal. Because this numerical solver is based on the Euler equation, some error is expected due to the friction effect. As a result, the numerical solver developed in the present paper can be used to solve problems in tunnel aerodynamics. Therefore, the numerical methods adopted in this paper are suitable for simulating the aerodynamic phenomena induced by a train travelling through a tunnel.
CONCLUSIONS
In the present paper, a hybrid mesh generation strategy based on a structured grid and a Cartesian grid was established, a three-dimensional numerical solver based on the Euler equations was constructed, and the moving boundary condition was developed. The main features of this numerical solver are summarized as follows:
(1) The omni-tree data structure is used, and its grid type can be artificially controlled, making the grids anisotropic. As a result, the discretization efficiency of the computational space can be improved, and the total number of grids can be greatly reduced.
(2) Combining the advantages of the structured and Cartesian grids, the hybrid mesh strategy was developed, which cannot only improve the geometry adaption capability but also shorten the mesh generation period. The structured grids offer high mesh quality, whereas the Cartesian grids are very flexible and can easily adapt to complex geometry.
(3) A self-adaptive algorithm was established for the hybrid mesh. Based on the variation of the pressure gradient between adjacent cells, mesh self-adaption under moving boundary conditions was achieved to improve the complex flow field involving relative motion.
(4) Using the developed numerical solver, a train passing through a tunnel was simulated, and the pressure time histories from the probes on the tunnel wall were analysed. In addition, a comparative study was performed and showed that the results from the MMR experiments agreed well with the numerical results. Therefore, both the mesh generation strategy and the numerical solver are highly accurate and could be a good choice for simulating aerodynamic problems of high speed trains with moving boundary conditions.
